Background: Calcium hydroxide is a common endodontic medicament and has an antimicrobial effect by increasing the localized pH within the root canal. However, Enterococcus faecalis has shown some resistance to calcium hydroxide. Methods: A flow cell apparatus was used to grow an E. faecalis biofilm on dentine discs. Following 4 weeks growth in Todd Hewitt Broth, flow cells were exposed to either a rapid or slow increase to pH 11.5 or 12.5. Cellular viability was determined using serial plating and the number of colony-forming units was normalized against the cellular protein content. Scanning electron microscopy was carried out to qualitatively observe the effects of the different rates of pH increase. Results: A significant difference in viability between the pH rapid and slow groups was not shown in this study. Compared with pH 11.5 solutions, pH 12.5 solutions were more effective at killing bacteria although some E. faecalis still survived. Conclusions: Enterococcus faecalis did not adapt and develop a greater resistance to high pH following a slow rise in pH compared with a rapid rise in pH. As expected, pH 12.5 was more effective in reducing bacterial numbers compared with pH 11.5 although E. faecalis was not completely eliminated.
INTRODUCTION
Management of endodontic disease is principally based on the management of root canal infections. Based on the initial diagnosis, this may encompass prevention or elimination of infection. If both these goals are achieved, high success rates have been observed when appropriate long-term follow ups have occurred. 1 Microorganisms have a direct relationship in causing pulp necrosis and play a vital role in initiating and maintaining apical periodontitis. Therefore, the primary goal of endodontic treatment is to eliminate and prevent microbial infections within the root canal system. During the last 20 years, much attention has focused on and questioned the value of medication within endodontic therapy. This has occurred because several studies have found that calcium hydroxide, the main medicament used in endodontics today, has a number of limitations and may not be as effective at disinfecting the root canal system as once thought. 2, 3 Calcium hydroxide has been the most commonly used medicament due to its in vivo efficacy and safety. [4] [5] [6] Calcium hydroxide has a pH of 12.5 and exerts its antimicrobial effect by increasing the localized pH within the root canal. 7 However, calcium hydroxide has a number of limitations. In particular, its action relies on diffusion through the pulpo-dentinal complex to cause a rise in pH. 3 Furthermore, this rise in pH may potentially be buffered by the dentine itself. These two factors combined may result in some areas within the root canal system, such as the peripheral dentinal tubules or accessory canals, only reaching a high pH slowly. complex root canal system to the changing environment. 10 Such adaptations may enhance their chances of surviving calcium hydroxide medication and additional insults associated with endodontic therapy. Other aspects of root canal infections may also inhibit the effectiveness of calcium hydroxide medication. For example, some individual bacteria may be more resistant than others. In particular, Enterococcus faecalis, a bacterium commonly associated with failed endodontically treated teeth, appears to have an innate and adaptive stress resistance to calcium hydroxide. 11, 12 Bystr€ om et al. demonstrated that E. faecalis survived longer than other endodontic bacterial isolates in a pH 11.5 calcium hydroxide solution whereas a study conducted by Flahaut et al. demonstrated an adaptive response of E. faecalis when exposed to an alkaline stress. 4, 13 In addition, several studies have shown that E. faecalis is capable of surviving several months without significant nutrition. 14, 15 It has become a widely accepted concept that the root canal microbiota largely exists as a biofilm. [16] [17] [18] Biofilms give rise to a number of protective advantages which may be physical, physiological or genetic. As a result, the therapeutic dose required of any medicament may need to be increased when bacteria such as E. faecalis are present as a biofilm. 19 Studies have shown that when bacteria are embedded within a biofilm they can be up to 1000-times more resistant to some antimicrobials compared with their planktonic state. 20 The main objective of this study was to compare the survival of an E. faecalis biofilm that had been grown on dentine when exposed to rapid or slow increases in external pH.
METHODS

Test organism
Enterococcus faecalis (V583, American Type Culture Collection (ATCC) 700802) purchased from the ATCC (Cryosite, South Granville, NSW, Australia) was stored as frozen stock cultures in 40% v/v glycerol at À80°C. Pure cultures were grown on Todd Hewitt Broth Agar (Oxoid, Basingstoke, UK) and were regularly subcultured to maintain purity. For the inoculation of the flow cells, overnight broths of E. faecalis were made using 50 mL of Todd Hewitt Broth (THB; Oxoid). Purity of cultures was monitored by periodic gram staining and plating on Bile Aesculin Agar (Oxoid).
Dentine disc preparation
Dentine discs were created from extracted single rooted teeth and large palatal roots of molars. The crowns of the teeth and the apical thirds of the roots were sectioned and discarded. The remaining root specimens were sectioned horizontally in 1-mm thick sections with a slow-speed diamond saw. Following sectioning, periodontal ligament and pulpal tissue remnants were mechanically removed with a highspeed, 169 tungsten carbide burs (Komet, Stuttgart, Germany) and Sof-Lex discs (3M, St Paul, MN, USA). The smear layer and the remaining pulpal tissue remnants were removed by treating the specimens with 17% w/v ethylenediaminetetraacetic acid, followed by 1% v/v sodium hypochlorite for 4 min. Discs were subsequently rinsed with saline 0.9% and then stored dry until use.
pH-adjusted buffer solutions used for alkaline test agents
The buffer used in the experiments was a glycine/NaCl and NaOH buffer solution which has a stable pH buffering range between 8.5 and 12.8. 21 Buffer components were mixed accordingly to match the respective pH values required for each experiment. Following that, a sterile THB buffered solution was prepared according to the manufacturer's recommended concentration (36.4 g/L). The solution was titrated with 3M KOH to obtain the desired pH value.
Planktonic growth curves
Growth curves were prepared to determine the growth rate of planktonic E. faecalis when exposed to different alkaline pH values and to confirm that the buffered THB supported the growth of E. faecalis. Buffered THB was prepared to pH values of 8.5, 9.5, 10.5 and 11.5. Unbuffered THB was used as a control. An overnight broth of E. faecalis in THB gave an optical density (OD; 560 nm) of 1.17. 20 mL of buffered THB as each pH was added to sterile tubes. Overnight broth (2 mL) was inoculated into each tube. For OD analysis, 1 mL was removed (560 nm) every hour for the first 6 h and at 24 and 48 h. The pH of the growth medium was also checked after the experiments to monitor the effect of the addition of the inoculum on pH.
Flow cell biofilm growth model
A biofilm grown on dentine was established using a continuous flow cell model based on that described by Seet et al. 22 The system consisted of a nutrient reservoir, single-channel peristaltic pump (Gilson, Middleton, WI, USA) flow cell and waste vessel connected by silicone tubing. Thirteen dentine discs were located within the flow cell using modified endodontic files inserted into recesses in the base of the flow cell. The flow cell, with the dentine slices in situ, was sterilized using ethylene oxide (Flinders Medical Centre, Bedford Park, SA, Australia). The nutrient reservoir, silicone tubing and waste vessel were sterilized by autoclaving. The flow cell was placed on a slide drying bed (Ratek, Boronia, Vic., Australia) to maintain a constant temperature of 37°C. After sterilization, the flow cell was filled with THB and sterility was confirmed before inoculation. Overnight broth culture of E. faecalis (50 mL) was introduced into the flow cell through a syringe injection port located approximately 3-4 cm upstream of the flow cell. Batch culture was established over 8 h before culture medium was pumped through the flow cell at 30 mL/h using a peristaltic pump giving a dilution rate of 0.6/h.
Alkaline pH exposure
After 4 weeks of biofilm growth, the subsequent flow cells were assigned to two experimental groups. One flow cell acted as a control where the unbuffered THB (pH = 8.1) was pumped through the flow cell for a further week.
Group 1: Rapid rate of pH increase
During the first 3 days of the experimental phase, unbuffered THB was continually pumped through the flow cell. On day 4, buffered THB at a maximum pH of 11.5 and 12.5 was rapidly introduced into the flow cell and maintained at this pH for 4 days.
Group 2: Slow rate of pH increase
During the first 3 days of the experimental phase, the pH was increased daily with buffered THB until the maximum pH (either 11.5 or 12.5) was reached on day 4. This maximum pH was maintained for a further 4 days.
Biofilm examination and measurement
At the end of the 7th day, the flow cell was disassembled. Discs were aseptically removed from the flow cell and placed in tubes containing 2 mL of sterile 0.9% saline. Discs were agitated on a microplate shaker (Titertek, Pforzheim, Germany) for 15 s to remove unattached bacteria. The biofilm was detached from the discs by sonication with Soniprobe (Dawe Instruments, London, UK) at a setting of 2 A for 60 s into 2 mL of sterile phosphate-buffered saline (PBS).
Viability plating
Cellular viability was determined using serial plating onto Todd Hewitt agar plates. Plates were incubated aerobically at 37°C for 24 h before colonies were counted. The viability counts were then converted to colony-forming units (CFU)/mL) of biofilm suspension. Cellular protein levels were measured to normalize the viability counts to the total amount of bacterial biofilm harvested per disc. A measure of 100 lL of 0.1 M NaOH was added to a 0.9-mL sample of each biofilm suspension and boiled for 30 min. Then, 150 lL of each sample was pipetted into a well of a 96-well microplate and mixed with 150 lL of Coomassie Plus Protein Assay Reagent (Thermo Scientific, Rockford, IL, USA). The microtitre plate was then shaken and read at 595 nm using a microplate reader (BioTek, Winooski, VT, USA). Protein concentrations were standardized against a known concentration of bovine serum albumin standards which were assayed at the same time as biofilm suspensions. Colony-forming units per mg/protein were then determined to allow comparisons of viability between control, slow and rapid groups.
Scanning electron microscopy (SEM)
Discs assigned for SEM were stored in fixative (4% paraformaldehyde/1.25% glutaraldehyde in PBS + 4% sucrose) and then washed in PBS + 4% sucrose and then dehydrated with increasing concentrations of ethanol. Dehydration was followed by critical point drying. Afterwards, the samples were coated with platinum and were analyzed using a Philips XL30 scanning electron microscope (Philips, Andover, MA, USA). Biofilms were assessed for biofilm presence, confluence, density and arrangement.
Statistical analysis
Statistical analysis was performed using Prism version 6 software (GraphPad Software, La Jolla, CA, USA). Bar graphs were reported as mean AE standard deviation. Statistically significant differences were determined using one-way ANOVA. If differences were detected, multiple comparisons were made using Tukey's multiple comparison tests at a confidence level of 95% (P < 0.05).
RESULTS
The growth curves clearly demonstrate that the buffered THB solution with different alkaline pH values supported the growth of E. faecalis. The growth curves exhibited log phase growth before reaching stationary phase and followed by a slow reduction in OD. In comparison with the unbuffered THB, there was only a slight reduction in the pH value after inoculating with E. faecalis. This gives support and justification to the use of buffered solutions in order to reduce any decrease in the pH of experimental test agents once they are introduced into the flow cells. Figure 1 demonstrates the bacterial viability for each pH protocol tested. The viability counts per disc of the unbuffered, control flow cell was consistently in the range of 10 4 -10 5 CFU/mg per protein. The bacterial viability of the pH 11.5 rapid and slow groups was very similar and exhibited a bacterial viability ranging 10 1 -10 2 CFU/mg per protein. This viability represented a more than 99.99% reduction in the viability of E. faecalis in comparison with the control group. The bacterial viability of the pH 12.5 rapid and slow groups appeared very similar, representing a more than 99.99% reduction in the viability of E. faecalis. When analysed using one-way ANOVA Tukey's multiple comparison test, there was no statistically significant difference between the pH 11.5 rapid and slow group and the pH 12.5 rapid and slow group. In addition, there was no statistically significant difference between the pH 11.5 rapid and slow groups versus the pH 12.5 rapid and slow groups. However, there was a statistically significant difference between the control group and the pH 11.5 and 12.5 rapid and slow groups (ANOVA, P < 0.01).
Flow cell biofilm growth model
Cellular viability
SEM analysis
Scanning electron microscopy images of the control specimen showed dense arrangements of bacteria confluent over the entire surface of the dentine disc specimens (Fig. 2a) . Following sonication, the dentine discs showed only a comparatively small number of bacterial cells which were attached to the dentine disc (Fig. 2b) . Figure 2(c,d) represents a SEM image of the dentine disc taken from pH 11.5 rapid and slow rise groups. The SEM images from these groups are similar, exhibiting a sparse scattering of bacteria compared with the control dentine discs. SEM images from the pH 12.5 rapid and slow groups show a sparse scattering of E. faecalis compared with the previous pH 11.5 groups (Fig. 2e,f) . However, bacteria were still present.
DISCUSSION
Scanning electron microscopy images of the dentine disc from the control flow cell revealed a confluent biofilm over the entire disc. A maximum pH of 11.5 was chosen as previous studies have demonstrated that pH 11.5 does not support growth of planktonic E. faecalis. Evans and McHugh showed that the bacterial viability was reduced by 99.99% within 15 min. 23, 24 Sj€ ogren et al. showed that bacteria were eliminated from canals following application of calcium hydroxide for 1 week. 6 Therefore, a duration of 1 week was chosen for the experiment phase.
The flow cell study showed that compared with the control the introduction of alkaline pH resulted in a reduction of over 99% in viable bacteria regardless of whether the maximum pH was 11.5 or 12.5 or whether the pH was increased rapidly or slowly. This finding is in partial agreement with previous studies which examined the effect of pH on E. faecalis grown planktonically. Bystr€ om et al. found that the viability of planktonic bacteria were reduced by over 99% when exposed to a calcium hydroxide solution at pH of 12.5 within 30 min. However, at pH 11.5 they did not show as great a reduction as in this study, although the time course of their contact time was only 24 h, whereas in this study the maximum pH of 11.5 was maintained for 4 days. 4 Longer exposures to alkaline conditions are more clinically relevant because clinically calcium hydroxide is normally placed from 1 to 4 weeks. [4] [5] [6] In contrast, Evans et al. showed similar reductions of greater than 99% when E. faecalis suspensions were exposed to pH of 11.1 and 11.5 for durations of 15 and 30 min. 23 McHugh et al. specifically looked at the pH and time required to completely eliminate viable bacteria from a planktonic culture of E. faecalis. 24 The results showed that E. faecalis was eliminated after 24 h at pH values of 11.5 and 12.5.
A significant reduction in the total viable bacteria numbers was observed after exposing the biofilm to a pH of 12.5 although some bacteria still survived. Though the numbers were very small, they may still be of clinical significance. This is mainly because cultivable bacteria within root canals prior to obturation have been shown to reduce the success rates for retreatment cases. [25] [26] [27] In addition, E. faecalis has been shown to persist over long periods in a low-nutrient environment where it can survive for long periods of starvation and still be able to recover when nutrients are restored. 14, 15 If coronal or apical leakage were to occur, even small numbers of surviving E. faecalis may once again flourish and become a source of persistent apical periodontitis.
The primary aim of this study was to establish whether a slow increase in pH would result in a greater survival of E. faecalis within a biofilm when compared with a rapid increase in pH over a clinically relevant time period. A slow increase in pH may be experienced in the outer aspects of dentinal tubules or accessory canals where the increase in pH is dependent on diffusion of hydroxyl ions. However, statistical analysis of the results in this study showed no significant difference in viability between the rapidly and slowly increasing pH groups.
The present study attempted to create a clinically relevant simulation. We used a slow but gradually increasing rise in pH from sub-lethal levels to normally lethal levels to mimic calcium hydroxide dressing in vivo. Clinically, such a slow rise due to diffusion and buffering may occur over several days or weeks until a maximal pH is eventually reached. The 1-week duration of the experimental phase is clinically relevant. The 3 days of a gradual increase in pH followed by a sustained 4-day phase at maximum pH represents an arbitrary timeframe that we took to represent the pH change at a point somewhere within the pulpo-dentinal complex. However, giving a precise location as to where in a natural tooth our experimental procedure represents is not possible.
Other studies have also investigated a potential adaptation of E. faecalis to high pH values. Similar to the initial slow rise in pH used in this study, Evans et al. and Flahaut et al. exposed E. faecalis to sublethal pH values prior to an exposure to a normally lethal pH value. 13, 23 The results of this study concur with those of Evans et al. who found no apparent adaptive response or increase in survival when planktonic E. faecalis was exposed to a sub-lethal pH of 10.3 before exposure to pH 11.5. In contrast, the results of this study do not reflect those of Flahaut et al., who demonstrated a greater survival of E. faecalis when a planktonic culture was exposed to a pH of 10.5 prior to exposure to a pH of 11.9. However, the methodologies used by the studies are very disparate. Neither Flahaut et al. nor Evans et al. attempted to simulate root canal dressing with calcium hydroxide. Both used planktonic bacteria whereas it is now well accepted that bacteria within the root canal form and exist primarily as more resistant biofilms. Calcium hydroxide dressing is normally recommended to be placed for a minimum of 1 week whereas the studies conducted by both Flahaut et al. and Evans et al. were only carried out for 30 min.
They used a single, short exposure to a sub-lethal pH as opposed to this study where the rise in pH was continuous and slow which closely resembles an in vivo situation.
The results of recent studies have questioned the efficacy of calcium hydroxide as a medicament. 28, 29 For example, calcium hydroxide may select for pHresistant bacteria. 30, 31 Given this study aimed to simulate conditions within the root canal, this result would suggest no difference in the adaptive ability of E. faecalis. However, more bacteria survived when the maximum pH was 11.5 compared with 12.5 and this concurs with Bytrom et al. 4 It is possible that the few surviving bacteria in this study did not reach the maximum pH within the flow cell due to the biofilm protection. However, the SEM images indicated that as the pH increased the biofilm lost its confluent appearance and only isolated bacteria were visible. Nonetheless, it is possible that with longer exposure, greater killing efficacy might have been achieved for both groups.
CONCLUSIONS
This study clearly demonstrates that E. faecalis did not adapt and develop a greater resistance to high alkaline pH following a slow rise in pH compared with a rapid rise in pH over 7 days. However, no alkaline pH tested in this study resulted in the elimination of E. faecalis. As expected, pH 12.5 was more effective in reducing bacterial numbers compared with pH 11.5.
